F-003 

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World InteOectual Proper^ 
Organization 
International Bureau 

(43) International Publication Date 
26 May 2005 (26.05.2005) 




PCT 



iiiniiiiiiiiiiiiiiiiiiiiiiiiiii 

(10) International Publication Number 

wo 2005/048318 A2 



(51) International Patent Classification^: 



HOIL 



(21) International Application Number: 

PCr/US2004A)38582 

(22) International Filing Date: 

17 November 2004 (17.11.2004) 



(25) Filing Language; 

(26) Publication Language: 



English 
English 



(30) Priority Data: 

60/520.322 17 November 2003 (17.1 1 .2003) US 

60(527306 8 December 2003 (08.12.2003) US 

(71) Applicant (for all designated States except US): OSEMI, 
INC. [USAJS]; 300 Rrst St.. N.E.. Rochester. MN 55906 
(US). 

(72) Inventors; and 

(75) Inventora/Appllcante (for US only): BRADDOCK, Wal- 
ter, David, IV [USAJS]; ll28FirstSt NW, Rochester, MN 



55901 (US). JOHNSON, Marie [US/US]; 1023 W. South 
Street. Raleigh, NO 27603 (US). 

(74) Agent: NEIFELD, Richard, A.; Neifeld IP Law, RC. 
4813-B Eisenhower Avenue, Alexandria. VA 22304 (US). 

(81) Designated States (unless otherwise indicated, for every 
kind of national protection available): AE, AG, AL. AM. 
AT, AU, AZ. BA. BB. BG. BR. BW. BY, BZ, CA. CH. ON. 
CO. CR, CU. CZ, DE. DK. DM, DZ, EC, EE, EG. ES. FI. 
GB, GD. GE. GH. GM, HR, HU, ID, IL, IN, IS, JP. KE, 
KG, KP. KR. KZ. LC. LK. LR, LS, LT, LU, LV, MA. MD, 
MG, MK. MN, MW. MX. MZ. NA. NX. NO. NZ. OM. PG. 
PH. PL. PT. RO, RU. SC. SD. SE, SG. SK. SL. SY. TJ. m, 
TN, TR, TT. TZ. UA. UG, US. UZ. VC, VN. YU. ZA. ZM, 
ZW. 

(84) Designated States (unless otherwise indicated, for every 
kind of regional protection available): ARIPO (BW, GH. 
GM. KE, LS. MW. MZ, NA, SD, SL. SZ, TZ. UG. ZM, 
ZW), Eurasian (AM. AZ. BY. KG. KZ. MD. RU, TJ. TM). 
European (AT. BE, BG. CH, CY, CZ, DE, DK, EE, ES, FI. 
FR, OB, OR, HU. IB. IS. IT, LU, MC, NL, PL, PT, RO, SB, 

[Continued on next page] 



= (54) TiUe: NITRIDE METAL OXIDE SEMICONDUCTOR INTEGRATED TRANSISTOR DEVICES 



10 



00 

00 



in 
O 



(57) Abstract: A self-aligned enhancement 
mode or depletion mode nitride based 
metai-oxide-compoand semiconductor 
field e£fect transistor (10) includes a gate 
insulating structure comprised of a first 
oxide layer that in comprised of gallium 
oxides or indium oxides compounds (30) 
positioned immediately on top of the nitride 
compound semiconductor structure, and a 
second insulating layer comprised of either 
(a) oxygen and rare earth elements, (b) 
gallium oxygen and rare earth elements, or 
(c) gallium+indium and rare earth elements 
positioned inunediately on top of said fiist 
layer. Together the lower indium oxide or 
gallium oxide layer and ttie second insulating 
layer form a epitaxial oxide gate insulating 
structure. The gate insulating stracture 
and underlying compound semiconductor 
layer (IS) meet at an atomically abrupt 
interface at the surface of with the compound 
semiconductor wafer structure (14) that is 
based on the nitride family of compound semiconductors. The first oxide layer serves to passivate and protect the underlying 
compound semiconductor surface fiom the second insulating layer and atmospheric contamination. A refractory metal gate 
electrode layer (17) is positioned on upper surface (18) of the second insulating layer. The refiactoiy metal is stable on the second 
insulating layer at elevated temperature. Self-aligned source and drain areas, and source and drain contacts (19, 20) are positioned 
on the source and drain areas (21. 22) of the device. Multiple devices are then positioned in proximity and tiie appropriate 
interconnection metal layers and insulators arc utilized in concert with otiier passive circuit elements to fonn an integrated circuit 
structure. Fmally. NMOS and PMOS nitride based devices are positioned in proximity to for a complementary metal oxide 
semiconductor integrated circuit in nitride based compound semiconductors. 
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Description 

FffiLD OF THE INVENTION 

The present invration generally relates to high power and/or high speed integrated 

circuits in the compound semiconductor field utilizing field effect transistors and more 

specifically to enhancement mode self-aligned metal-oxide-compound semiconductor 

transistors, depletion mode self-aligned metal-oxide-compound semiconductor transistors, 

NMOS and PMOS transistors, methods of materials growth and &brication of these transistors, 

and the ultra large scale integration of said transistors forming integrated circuits, including 

NMOS, PMOS and CMOS integrated circuits formed in nitride based compound 

s^conductors. 

STATEMENTS REGARDING FEDERALLY SPONSORED RESEARCH OR 
DEVELOPMENT 

This invention was made with flie support by the United States Oovermnent under US 
navy Contract number NB00178-03-C-3011. The United States may have certain rights to the 
invention. 

BACKGROUND OF THE INVENTION 

The main barrier to the realization of a desirable Complementary Metal Oxide 
Semiconductor (CMOS) technology in gallium nitride, indium nitride and aluminum nitride 
semiconductors is the absence of a proper gate insulator and gate passivation layer that 
passivates the surface of a compound semiconductor structure reducing the interface state trap 
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density and simultaneously provides for sufficient insulating properties that are necessary for low 
gate leakage currents in the picoamp to nanoamp range required by large scale (VLSQ and 
ultra large scale (ULSI) integrated circuit technology. Field effect transistor (FETs) widely used 
in the ni-V semiconductor industry typically employ metal gates placed directly on the 
compoimd Sj^conductor structure forming Schotfky gate contacts that are have quiescent-state 
leakage currents exceedmg many microamps. Large leakage ourrmts are especially true in 
certain GaN HEMT devices when operated at high voltages that can exceed ISV. The use of 
non-insulated metal gates placed directly onto compound semiconductor technology further 
results in individual transistors and integrated circuits that have excessively high power 
dissipation, reduced transconductance especially at microwave frequencies, low threshold 
voltage, reduced logic swing and the inabiUty to operate on a single power supply, and generally 
limited performance characteristics. The high magnitude of the quiescent leakage current limits 
the maximum integration of AIN, GaN, and InN based devices to circuits of several thousand 
transistors. 

hi contrast, conventional silicon technology has a very mature and useful complementary 
metal oxide semiconductor (CMOS) technology, hi siUcon CMOS technology an msulating layer 
may be formed at the silicon structure surface without the introduction or formation of an undue 
density of electronic traps in the combined silicon/Si02 semiconductor structure. Recently 
alternative gate insulators, often called, high-K gate dielectrics, by those skilled in the art have 
been a topic of research on silicon, and these alternative gate insulators are deposited in some 
ultrahigh vacuum deposition technique. Typically the trap density in the silicon/SiOz materials 
system observed before hydrogen passivation of any traps or defects is in the 10^° - lO' ^cm'VeV 
at ttie center of the band gap. Thus, the insulating layer (SiOa or SiQa+dielectric or alternative 
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gate dielectric or high-K dielectric) formed at the silicon wafer surface may act as a passivating 
layer tiiat occiQ>ies dangling bonds at the silicon sur&ce, reduces the interface state trap density 
in the energy gap and protects the semiconductor surface fiom enviromnental contamination, 
non-planar oxidation or reaction of impurities and the associated formation of electronic traps. It 
is well know by those skilled in the art that the electronic tr^s that are observed midway 
between the conduction band and valence band are caused by the disnq>tion of the crystal 
symmetry at a semiconductor surface. Thus, excessive intmnixing or dismption of the 
semiconductor sur&ce at the inter&ce between the semiconductor structure and any upper layer 
or layers will introduce increased electronics traps into the semiconductor structure. 

The simultaneous integration of many millions of transistors is possible at high 
integration densities using silicon CMOS technology. These ultra higih integration densities and 
levels cannot be obtained using metal, Schottky-style gates that are not insulated from the 
compound semiconductor structure in GaN HEMTs or FETs. Thus Si CMOS technology offers 
significant advantages in terms of die low gate leakage of individual transistors, and cucuit 
integration level and complex circuit fimctionaUty and manufacturing cost. 

However when compared to silicon technology, compound semiconductors such as GaN, 
InN, AIN and their alloys exhibit faster and more optimized speed/power performance and 
efGciency and a higher saturated electron velocity. The maricet acceptance of these GaN and AIN 
integrated circuits remains low because of the low transconductance at microwave frequencies in 
nitride based HFETs and HEMTs, Also, high gate leakage in nitride MESFBTs and HFETs and 
the lack of ability to demonstrate high integration densities does not allow for the formation of 
circuits with the functional complexity and low amoimts of operating power required by many 
commercial applications. Thus, silicon CMOS dominates the field of low power high 
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performance analog and digital integrated circuitry, and circuits based i^on GaN, IniN, AIN and 
related nitride alloy semiconductors cannot successfully penetrate this market 

What is needed is a nitride semiconductor surface state passivation structure that includes 
insulatong layers with an improved sharpness and abruptness at the nitride semiconductor- 
passivation layer interface. What is needed are new and improved compound semiconductor 
field effect transistors (FET). What is also needed are new and improved compound 
semiconductor FETs using metal-oxide-semiconductor jimctions (MOSFET). What is also 
needed are new and improved compound semiconductor MOSFETs using a self-aligned gate 
structure. What is also needed are new and improved self-aligned compoimd semiconductor 
MOSFETs using enhancement mode and depletion mode operation. What is needed are new and 
inq)roved NMOS and PMOS transistors formed in nitride based compound semiconductors. 
What is also needed are new and improved self-aligned compound semiconductor MOSFETs 
with stable and reliable device operation. What is also needed are new and improved self-aligned 
compound s emiconductor M OSFETs w hich e nable o ptimum c ompound semiconductor d evice 
performance. What is also needed are new and improved self-aligned compound semiconductor 
MOSFETs with optimum efficiency and output power for RF and microwave applications. What 
is also needed are new and improved self-aligned compound semiconductor MOSFETs for use in 
complementary circuits and architectures. What is also needed are new and iiiq)roved self- 
aligned compound semiconductor MOSFETs for high power/high performance complementary 
circuits and architectures. What is also needed are new and in^roved self-aligned compound 
semiconductor MOSFETs which offer (he design flexibility of complementary architectures. 
What i s a Iso n eeded a re n ew a nd i mproved se If-aligned c ompound s emiconductor M OSFETs 
which keep interconnection delays in ultra large scale integration imder control. What is needed 



4 



wo 2005/048318 PCTAJS2004/038S82 

are new and useful complementary integrated circuits where each individual transistor has a 
leakage current approaching 10'^^ amp. What is needed is a truly useful integrated circuit 
technology for Jxitf, AIN, and GaN that allows for the useful and economical operation of ULSI 
digital integrated circuits, analog circuits and mixed signal circuits in nitride compound 
semiconductors. What is needed are new and improved conopound semiconductor MOSFET 
integrated circuits with very low net power dissipation. What is needed are new and improved 
ohmic contacts that employ lower resistance materials that are formed by etching and qpitaxial 
regrowth to avoid tiie use of ion implantation in nitride-based transistor structures. What is 
needed are new and improved compound semiconductor MOSFET devices with low gate 
leakage currents that may be mtegrated together to form ultra large scale integrated circuits that 
include millions of transistors. What is needed are new and improved complementary MOSFET 
devices and circuits in compound semiconductors that allow the direct use, transfer and 
q)plication of silicon CMOS design that aheady ^ts in the art What is needed are new and 
improved nitride based compound semiconductor MOSFETS that do not have a degraded 
transconductance as compared to the measured DC transconductance of the HFET. What is 
needed is a new and improved nitride based confound semiconductor MOSFET that does not 
employ a field plate or second gate finger for proper operation or delivery of microwave power 
to an antenna or other microwave or RF load. 

What is also needed are new and improved methods of fabrication of self-aligned 
compound semiconductor MOSFETs. What is also needed is new and improved methods of 
febrication of self-aligned compound smiiconductor MOSFETs that are compatible with 
established complementary GaAs heterostnicture FETs technologies. What is also needed are 
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new and improved compound semiconductor MOSFETs which are relatively easy to fabricate 
and use. 

SUMMARY OF THE INVENTION 

A first aspect of the present invention generally relates to the interface between the 
nitride based compound semiconductor structure and the gate insulating structure. It is well 
known to those skilled in the art that for best results the abruptness of the interface between the 
compound semiconductor structure and the passivating+insulating layer adjacent to the 
compound semiconductor structure should be reduced to one atomic layer in order to reduce the 
density of electronic traps in the resulting metal oxide sCTiiconductor transistor device. If the 
interface between the compound semiconductor structure and the passivating and insulating layer 
varies by 3 or more atomic layers the electronic traps density will rise to levels that will cause the 
electrical behavior of the resultmg transistor structure to be irreproducible due to charging and 
discharging of a large number of electronic traps. If the operation of a transistor is not 
reproducible as a Amotion of voltage and current, the transistor is not useful. The abnq)tness of 
the interface b etween t he c onq)ound s emiconductor s tructure and the g ate i nsulating s tructure 
may be improved by q>itaxially growixig the compound semiconductor structure before the oxide 
is deposited. A compound semiconductor stmcture with an atomically smooth upper surface is 
most desirable. The smoothness of a con^)ound semiconductor growth during epitaxial growth 
processes such a Molecular Beam Epitaxy, Chemical Beam Epitaxy, Metal Organic Chemical 
Vapor Deposition, and related techniques may be improved by reducing the overall epitaxial 
growth rate while maintaining the substrate temperatures. For example in molecular beam 
epitaxy it is most common to produce nitride based compound semiconductor epitaxial layered 
structures at growth rates of between 0.1-3 angstroms per second. The interfaces produced by 
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coir^ound semiconductor epitaxial wafer growths that proceed at this rate and higher rates often 
lead to compound semiconductor surfaces tiiat have a roughness of more than 1-3 atomic layers 
as observed by techniques such as Reflection High Energy Electron Difi&action ^HEED), 
atomic force microscopy^ and scatming tunneling microscopy. Increased growth surface 
rougjmess have been observed in the RHEED features when flie epitaxial layer growth proceeds 
at rates above 1.5 angstroms per second. By reducing the grow& rate of GaN» InGaN. AIN, and 
InN and other nitride based compound semiconductors to below 1 angstrom per second for 
surface layers of nitride based compound semiconductor structures including InGaN, GaN, AIN, 
InN and other nitride based compound semiconductor semiconductor surface roughness may be 
reduced. 

A second aspect of the present invention geaerally relates to a gate insulating structure 
comprised of a multi-layer stack of gallium containing oxides that includes gallium oxide or 
indium oxide in the first passivating layer adjacent to the compound semiconductor structure and 
a second, third, fourth etc... insulating layer comprised of gallium, oxygen and at least one rare- 
earth element. 

A ttiird aspect of flie present invention generally relates to a gate insulating structure 
comprised of a multi-layer stack of gallium containing oxides that include gallium oxide in the 
first passivating layer adjacent to the compound semiconductor structure and second insulating 
layer comprised of oxygen and one or more rare earth elements not including gallium. 

A fomOx aspect of this invention is that oxygen and sulphur may be used interchangably 
in the passivation and insulating layers placed vapon the nitride based compound semiconductor 
stmctures where the other elements in the passivation and insulating layers layer remain fixed. 
Normally, an ultra high vacuum technique called molecular beam epitaxy is used to form these 
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gate insulating structures. During the epitaxial growth of such structures, inter&cial smooflmess 
may be monitored using an in-situ electron diffraction technique called Reflection High Energy 
Electron Diffraction (RHEED) to monitor the smoothness of the interface formed between the 
gate insulating structures and the compound semiconductor material. If the RHEED features are 
linearly sharp possessing a TPinitnntri of dots or discontinuous structure, those skilled in the art of 
RHEED would identify that the interface remains atomically smoofli with a maximum 
abruptness during the deposition of oxide materials on the compound semiconductor structure. 
The RHEED features slowly disappear as the oxide deposition proceeds on the compound 
semiconductor structure showing that the materials pass fiom crystalline structure in the 
compound semiconductor, to oxide structure that has long range 2D order in the first 1-9 
monolayers of oxide, to an amorphous-like structure as the deposition proceed for the next 25 
angstroms, to an amorphous structure within 75 angstroms of total oxide structure growth. 
Previously, utilizmg only Ga-oxides during deposition the RHEED pattern is observed to possess 
a discontinuous (i.e. non-streaky) pattern before its disappearance as the oxide ttiickness 
increases. During deposition of the initial gallium oxygen layer, the addition of small fractional 
amounts of indium oxygen compounds (<1%) induces a more favorable streaky-type pattern in 
the RHEED as disappearance of the pattern continues with increased oxide layer thickness. 

A fifth aspect of the present invention generally relates to the abruptness of the interface 
between the compound sexniconductor and the gate insulating structure. In particular, using the 
RHEED technique, a diffraction pattem remains more linear in nature if indium oxide is co- 
deposited with the gallium oxide compound in the initial passivation layer placed just adjacent to 
the c ompound s emiconductor s tructure. T he p henomenon o f i ndium n itride b ased c ompounds 
smoothing the epitaxial growth surface of compound semiconductors such as Gallium Nitride 
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dimng semiconductor epitaxial growth has been discussed by M. Asif Khan in lEEB Blectron 
Device Letters, Volume 21, Numb^ 2, page 63, February 2000, 

A sixtti aspect of this invention generally relates to the use of indium oxide compounds 
for the manufacturing of improved and more abmpt interfaces between the gate insulating 
structure and the conipound semiconductor surface. The addition of fractional amounts of indium 
oxide less than 11% by volume in gallium oxide layers improves the interface abruptness 
between a compoimd semiconductor structure and the initial indium gallium oxide passivation 
layer that forms the Initial and lowest layer of a gate insulating structure, without elinunating the 
nominally semiconducting properties of the indium oxide, gallium oxide, or indium gallium 
oxide layer initially deposited upon the compound semiconductor structure surface. 

A seventh aspect of the present invention generally relates to a method for improving the 

smoothness of the surface of the compound semiconductor structure by incorporating 

i' 

interruptions in the epitaxial growth under ultra high vacuum conditions, and then initiate growth 
by alternately exposing the surface of the compound semiconductor to 1/2 monolayers of a group 
in element (i.e. Ga, In, Al, Tl) followed by the exposure of 1/2 a monolayer of a groiq) V 
client (i.e. N) for the case of ni-V nitride compound semiconductor structures. This aspect of 
compound semiconductor growth is referred to as migration enhanced epitaxy and is used by 
those skilled in compound semiconductor growtti techniques of Molecular Beam Epitaxy, Metal 
Organic Chemical Vapor Deposition, Chemical beam Epitaxy, UHV CVD, and tibte related 
epitaxial growth techniques. 

An eight aspect of the invention includes the use of a native AIN substrate that is more 
closely lattice matched to the GaN, AlGaN and InGaN layers in a nitride based heterojunction 
MOSEET, PHEMT or HFET that utilizes a nitride transistor structure. The use of a native AIN 
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substrate allow for the elimination of a bufEer layer that can possess a high relative d^isity of 
charge traps that reduce the microwave performance of the device that is typically refered by 
ttiose skilled in the art as microwave dispersion. 

A ninth aspect of the mvention is the use of mainly AIN layers with the exception of an 
AlGaN or IhGaN channel so that only the channel of the transistor and the epitaxially deposited 
gate oxide are strained with respect to the AIN substrate of the transistor device structure. In 
addition it is most desirable configuration of the strain is such that the channel strain and 
epitaxial oxide strain are at least partially ofi&etting through flie use compressive-type and 
tensile-type strain in one layer vs the o&er layer and substrate. 

A tenth aspect of the invention is that the gate oxide that is formed from multiple layers is 
completely pseudomorphic and crystalline with respect to the underlying nitride based 
compound semiconductor layers that fonn the nitride compound semiconductor MOSFET 
device. 

An eleventh aspect of the invention is the formation of selectively regrown ohtnic contact 
regions of the device that allow for both a lower ohmic contact in the nitride MOSFET device 
and also the proper sense of charge in the channel of fht device as well. These regrown ohmic 
contact regions may either be formed as n-type or p-type regions to allow for the integrated 
NMOS and PMOS devices in the same circuit. The regrowth step may be proceeded with a 
chemical etching step or plasma etching step that allows heavily doped regions to be placed 
lower in the epitaxial layers of the device stmcture while forming good quality ohmic contacts. 
In addition, the regrown ohmic contacts may be placed directly on the top surface of the top layer 
of the nitride based epitaxial structure and allowed to be formed in a manner that extends above 
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the plane of the epitaxial gate oxide and even the gate metal that is unmediately above the gate 
oxide structure of the transistor. 

A twelfth aspect of tiie device is the use of a binary nitride, GaN or AIN or InN, layer on 
the upper most portion of the nitride based layer structure. The bmary layer of GaN, AIN, or InN 
allows for the formation of a more stable binary oxide in an abrupt and smooth manner on the 
nitride semiconductor layer structure contained in the MOSEET device. It is most important to 
realize that compound of N-O are gaseous and volatile at room temperature and at elevated 
temperatures used during epitaxial growth and that the gaseous nature of these largely N-O-metal 
compounds allows for fhe fractional distillation of a stable initial oxide layer such as Ga203 or 
other Ga-oxide layer or In-oxide or In203 at the interface between the nitride semiconductor and 
the epitaxial gate oxide structure that together form a MOSFET Device structure. 

A thirteenth aspect of the device is the simultaneous integration of NMOS and PMOS 
type nitride MOSFET devices that allows for flie formation of a Complemratary Metal Oxide 
Semiconductor type of circuit structure utilizing nitride based compound semiconductors. 

A fourteenth aspect of the invention is the use of a silicon substrate for the formation of a 
nitride based MOSFET structure on a silicon substrate. In addition, such a nitride MOSFET 
transistors d evice s tructure allows for t he s imultaneous i ntegration o f s ilicon C MOS c ircuitry 
with GaN, AIN, InN, or InGaN MOSFET circuitry fliat is particularly useful in mixed signal and 
RF applications. It is well know by those skilled in the art that GaN and other compound 
semiconductors may be directly nucleated and grown on siUcon by either MBE or by MOCVD 
epitaxial growth techniques. 

A fifteenth aspect of the invention is the large reduction of surface states and associated 
traps that can Ifanit the amount of microwave power that may be delivered by the invention. One 
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aspect that sets this invention apart &om other GaN HFBTs is the use of an epitaxial oxide layer 
that largely reduces the amount of current conq)ression or gain compression that is observed 
vAim con^aring DC and microwave frequencies. 

A sixteenth aspect o f this invention is the use o f an m-face A IN substrate or R-plane 
s^phrre substrate that allows the growth of GaN, InGaN, AIN structures wifihout polarization 
charge in the device structure that is more suitable for use in enhancement mode device 
structures. 

A seventeenth aspect of the invention allows for the integration of the nitride MOSFET 
devices with passive components mcluding inductors, capacitors, and transmission lines for the 
proper RF and microwave matching of the input and output impedance of microwave signals in 
these nitride MOSFETs. In addition the dielectrics utilized in the passive components may be of 
an electrically tunable nature that allows control circuitry to be used to adjust or tune the 
capacitance or inductance of ttie passive con:q>onents integrated with the nitride MOSFET 
devices. 

There has thus been outlined features of the invention in order that the detailed 
description thereof that follows may be better understood, and in order that the present 
contribution to the art may be better appreciated. There are, of course, additional features of the 
invention that will form the subject matter of the claims appended hereto. Jn this respect, before 
explaining at least one embodiment of the invention in detail, it is to be understood that the 
invention is not limited in its application to the details of construction and to the arrangements of 
the components set forth above or in the foUowmg description or illustrated in the drawings. The 
invention is capable of other embodiments and of being practiced and carried out in various 
ways. Also, it is to be understood that the phraseology and terminology employed herein are for 
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the purpose of description and should not be regarded as limiting. As such, those skilled in the 
art will appreciate that the conception, i^on which this disclosure is based, may readily be 
utilized as a basis for the designing of other structures, methods and systems for carrying out liie 
several purposes of the present invention. It is important, therefore, that the claims be regarded 
as including such equivalent constructions insofar as they do not dq)art from the spirit and scope 
of the present invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A more complete understanding of the present invention may be derived by referring to the 
detailed description and claims when considered in connection witii the figures, wherein like 
reference numbers refer to similar items throughout the figures, and: 

FIG. 1 is a shnplified cross sectional view of a self-aligned enhancement mode compound 
semiconductor MOSFET in accordance with a preferred embodiment of the present invention; 

FIG. 2 is a simplified flow chart illustrating a method of manufacturing a self-aligned nitride 
compound semiconductor MOSFET in accordance with a preferred embodiment of the present 
mvention. The exemplification set out horein illustrates a preferred embodiment of flie invention 
in one form thereof, and such exemplification is not intended to be construed as limiting in any 
maimer. 

FIG. 3 is a simplified flow chart illustrating a method of manufacturing a self-aligned nitride 
compound semiconductor MOSFET in accordance with another preferred embodiment of the 
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present invention. The exemplification set out herein iUustiates a prefeired embodiment of the 
invention in one fonn fliereo^ and such exen^jlification. is not intended to be constraed as 
limiting in any manner. 

FIG. 4 is a sample layer structure of an IhGaN channel MOSFET grown on a combined GaN 
AIN buffer Uyer that may be grown on SiC, Sapphire, or Silicon substrates. The layer structure 
shows a GaN layer just adjacent to the multilayer q)itaxial oxide stack ibst forms the gate 
insulator structure. This device structure is designed to operate in depletion mode, but can also 
operate in enhancement mode if a large positive voltage is placed in the gate of the device. 

no 5 shows the DC transfer curves of the GaN MOSFET transistor device, and the amount of 
current compression at microwave fiequencies that is expected without the use of a proper 
passivating layer on top of the GaN HFBT device. The nitride MOSFET in this figure is operated 
in dq)Ietion mode wifli n^ative gate bias over much of its operating range. 

FIG 6 shows a comparison between the pulsed IV using (Vgs=0,Vds=0) and (Vgs=-9,Vds^ 
12.5) of flie GaN MOSFET transistor stracture shown in FIG 4. The amount of curraxt 
compression in the transfer curves of this device is shown by the •]* bracket in the figure when 
the 2 layer epitaxial gate oxide tiiat specifically consists of Ga-oxide/Ga-Gd-oxide is used as the 
gate insulator structure m the device. 

FIG 7 shows a sample layer structure for an AlGaN channel MOSFET grown on a native AIN 
substrate. In this device structure, an hiGaN or GaN layer may be substituted for the AlGaN 
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channel layer, the gate oxide layer depicted is actually comprised of a lower Ga-oxide layer and 
an upper Ga-Gd-oxide layer. In addition to Gd, the upper layer of the gate oxide may be formed 
using oxides of Hf, Sm, Sc, Gd, Lu and or oUbsac rare eartti elements and combinations thereof 
This example description is not meant to limit the gate oxide elemental combinations in the 
upper layer of the epitaxial gate oxide structure. 

DETAILED DESCRIPTION OF THE DRAWINGS 

The present invention provides, among other things, a self-aligned enhancement mode 

metal-oxide-compound semiconductor FET and integrated circuit utilizing these nitride based 

MOSFETs. The MOSFET includes a qpitaxial gate oxide passivatingf insulating structure that is 

comprised of at least two layers. The first layer is most preferably one monolayer in thickness or 

approximately 3 angstroms thick but preferably less that 25 angstroms in thickness and 

composed substantially of indium oxide or gallium oxygen compounds including but not limited 

to stoichiometric In203, In20, GaaOa and Ga20, and possibly a lesser fraction of other indium 

and g allium o xygea c omp ounds. T he u pper i nsulating 1 ayer i n t he g ate i nsulating s tructure i s 

composed of an insulator that does not intemiix with the underlying mdium gallimn oxygen 

passivatmg structure. This upper layer must possess excellent insulating qualities, and is most 

typically composed of gallium oxygen and a fliird rare earth element Alternatively, the upper 

insulating layer may be comprised of gallium oxygen and one or more rare earth elements and 

that together form a ternary, quaternary etc... insulating material layer. In another embodiment 

the upper insulating layer may also be composed of indium oxygen compounds with the addition 

of at least one or more rare earth element. Therefore the entire gate insulating structure is 

conq>rised of at least two layers where the lower layer directly adjacent to the compound 
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semiconductor structure is comprised of indium oxygen or gallium oxygen and an upper layer 
comprised of at least two of the elements of indium, gallium, oxygen, sulfur, with the addition of 
at least one rare earth element. In addition an intermediate graded layer that is comprised of a 
fractional mixture of the lower and upper materials may also exist in Hie passivating and 
insulating structure for compound semiconductor structures. Together the initial indium oxygen 
or gallium oxygen layer, any intermediate graded layer and the top insulating region form both a 
indium gallium oxide insulating structure and the gate insulator region of a metal-oxide- 
compound semiconductor field effect transistor. The initial indium oxygen or gallium oxygen 
layer forms an atomically abrupt interface with the top layer of the compound semiconductor 
wafer structure, and does not introduce midgap surface states into the compound semiconductor 
material. A refi:actory metal gate electrode is preferably positioned on the upper surface of the 
gate insulator stmcture layer. The refractory metal is stable on the gate insulator structure layer at 
elevated temperature. Refractory metals with lower work functions such as iridium, ruthraium, 
platinum, molybdenum are most siutable for the formation of enhancement mode transistor 
devices in this metal oxide semiconductor transistor technology. Self-aligned source and drain 
areas, and source and drain contacts are positioned on the source and drain areas. In all 
embodiments preferred and otherwise, the metal-oxide- -compound semiconductor transistor 
includes multi-layer gate msulator structure including an initial indium oxygen or gallium 
oxygen layer, intermediate transition layer, and upper insulating layer of 10-2S0 angstroms in 
thickness positioned on upper surface of a compound semiconductor heterostructure that form 
the gate insulator structure. The preferred embodiment also comprises a compound 
semiconductor heterostructure including a GaN, Alx Gai.xN and Ihy Gai.yN layers with or 
without n-type and/or p-type charge supplying layers which are grown on a compound 
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semiconductor substrate, a lefiactoiy metal gate of Pt, Ir, W, Mo, Rn, Ta, WN, WSi, and 
combinations thereof wifli self aligned donor (n-channel EET) or acceptor (p-channel FET) 
regrown contact materials on implant regions, and source and drain ohmic contacts. In another 
preferred embodiment the GaN/AlyGai-yN compound sraniconductor structure possess n-type 
charge in the channel of flie structure that results &am the piezoelectric strain in the compound 
semiconductor structure. la anotiiOT preferred embodiment the a non-polar substrate such as an 
m-fece or R-plane sapphire substrate is utilized so that there is no polarization charge supplied in 
the device layers of this structure. 

FIG. 1 is simplified cross sectional view of a self-aligned enhancemrait mode compound 
saniconductor MOSFET in accordance with a preferred embodiment of the present invention. 
Device 10 includes a compound semiconductor material, such as any nitride m-V material 
employed in any semiconductor device, represented herein by a UI-V semiconductor or 
insulating substrate inclusing siUoon, SOI, AIN, GaN, Sapphire, GaN-on-S^hire etc. 11 and a 
compound semiconductor epitaxial layer structure 12. For the purpose of this disclosure, the 
substrate 11 and any epitaxial layer structure 12 formed thereon will be referred to simply as a 
conq>ound semiconductor wafer structure which in FIG. 1 is designated 13. Methods of 
fabricating semiconductor wafer structure 13 include, but are not limited to, molecular beam 
epitaxy (MBB) and metal organic chemical vapor dq)osition (MOCVD), Chemical Beam 
Epitaxy (CBE) and the associated dq)osition techniques. It will of course be understood that in 
somespecific applications, there may be no q)itaxial layers present and uppa: surface of top 
layer IS may singly be the uppor sur&ce of substrate 1 1. 

Device 10 further comprises a gate insulator structures (30) that includes at least two or 
more layers. The first ]&yet of tiie gale insulator structure (31) is con^osed entirely of indium 



17 



wo 2005/048318 PCTAJS2004/038582 

gallium oxide compounds and is directly adjacent to and dqwsited t?)on the compound 
semiconductor structure. The second layer of the gate insulator structure (32) is composed of a 
compound of gallium, oxygen, and one or more rare earth elements, or gallium sulphur, and one 
or more rare earth elements from the periodic table. The initial galUum oxygen layer (31) forms 
an atomically abrupt interfiswe 14 with the upper surface of top layer 15, the top layer of the 
compound semiconductor structure. A refractory metal gate electrode 17 which is stable in the 
presence of top msulating material at elevated temperature and further possess the proper work 
function that is positioned on upper surface 18 of the gate insulator structure. Dielectric spacers 
26 are positioned to cover the sidewalls of metal gate electrode 17- Source and drain contacts 19 
and 20 are deposited on self-aligned source and drain areas 21 and 22, respectively. 

In a specific embodiment, the compound sradconductor epitaxial layer structure consists 
of a <11 angstrom GaN top layer (15), a <151 angstrom AlxGauxN spacer layer (23), a <501 
angstrom InyGauyN channel layer (24), and an AlxGai,xN buffer layer (25) grown on a silicon, 
SOI, AIN, or GaN substrate (11). Top GaN layer (15) is used to form an atomically abrupt layer 
with the gallium oxide portion of the gate insulator structure with an abrupt mterface with low 
defect density. 

As a simpUfied example of fabricatmg a self-aligned enhancement mode compound 
semiconductor MOSFET in accordance with a preferred embodiment of the present invention, a 
m-V compound semiconductor wafer structure 13 with an atomically ordered pure and 
chemically clean upper surfece of top layer 15 is prepared in an ultra-high vacuum 
semiconductor growth chamber and transferred via a ultra high vacuimi transfer chamber to a 
second ultra high vacuum oxide and insulator deposition chamber. The initial mdium oxygen or 
gallium oxygen layer (31) is deposited on upper compound semiconductor surfece layer 15 using 
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thennal evaporation &om a high purity or vacuum deposition grade Ga203 and MiOs sources tiiat 
may be crystallme, polycrystalline, or amorphous material or from crystalline gadolinium 
gallium garnet, GaaGdsOii, or indium gadolmium garnet, IhaGdsOu. This mitial gallium oxygen 
layer is deposited while holding the substrate temperature of the compound semiconductor 
stmcture at <580*'C, and more preferably at a substrate temperature <495**C, and most preferably 
at a substrate temperature between 250''C and 460''C. After the deposition of approximately 3 
angstroms of indium gallixmi oxygen compounds in the msulator deposition chamba: over a 2 to 
5 minute period of tune, deposition of the second insulator layer is initiated. The dq)Osition of 
the second msulator layer starts by directing the flux from a low power oxygen plasma source 
into flie ultra high vacuum system such fliat the oxygen plasma effluent and species are largely 
directed toward and impinging upon said compound semiconductor structure with initial gallium 
oxygen layer. The flux from the oxygen source that may include molecular oxygen, excited 
molecular oxygen, or atomic oxygen most typically produced usmg a plasma, or some 
combination of molecular and atomic oxygen, should be directed at the sur&ce for between 2-5 
seconds, subsequentiy followed by the co-evaporation of galUum oxygen compounds from 
Ga203, indium oxygen compounds from Ia203, and a third thermal evaporation or e-beam source 
that contains a rare-earth element (e.g. Gd) or rare earth oxide compound (GdiOa). The flux 
beams from the oxygen source, In203, Ga203 and rare-earth evaporation source thermal 
evaporation sources are carefully balanced to provide a ternary insulator layer on top of the 
initial gallium oxygen layer on said compound semiconductor structure. As the deposition of the 
second insulator layer is initiated, the substrate traiparature is simultaneously adjusted to provide 
an optimized substrate temperature for the deposition of tiiis layer. In this example the substrate 
temperature required to deposit the gallium+oxygen+rare earth layer is <510®C. In another 
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preferred embodiment this second insiilating layer is comprised of gallium sulphur and at least 
and at least one rare earth element In yet another preferred embodiment, this second insulating 
layer is comprised of gallium, oxygen, at least one rare earth element, and a fraction of indium 
adjusted to allow the layer to possess sufficient insulating properties. In yet another preferred 
embodiment, this second insulating layer is comprised of gallium, sulphur, at least one rare earth 
element, and an indium fraction adjusted to" allow the layer to possess sufficient insulating 
properties. The deposition of this second insulator layer proceeds until the total insulator 
thickness of 50-250 angstroms is achieved. Shutters and valves are utilized to stop the deposition 
of the second insulting layer upon the deposition of the required fliickness of the insulator layer. 
The substrate temperature is cooled in-vacuum to approximately 200**C, and the deposition of a 
refractory metal which is stable and does not interdifiuse with on the top layer of tiie gate 
insulator structure at elevated temperature such as Ir, Pt, Mo, Ru, Ta WSi, WN or combinations 
thereof is deposited on upper surface 18 of oxide layer 32 and subsequently patterned using 
standard lithography. The gate metal may be most easily formed using standard lift-off 
techniques common in compond semiconductor processing. Alternatively, the refractory metal 
layer may be etched until oxide layo: 31 is exposed using a refractory metal etching technique 
such as a fluorine or halogen based dry etching process. The refractory metal etching procedure 
does not etch the oxide layer 31, tiius, oxide layer 31 fimctions as an etch stop layer such that 
upper surface of top layer 15 remains protected by oxide layer 31. All processing steps are 
performed using low damage plasma processing. Self-aligned source and drain areas 21 and 22, 
respectively are realized by ion implantation of Si (n-channel device) and Be/F or C/F ft}-chaimel 
device) using the refractory metal gate electrode 17 and the dielectric spacers 26 as implantation 
masks. Such ion implantation schemes are compatible witii standard processing of 
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complementary compoxmd semiconductor hetCTOstructure FET technologies and are well known 
to those skilled in the art. The implants are activated at 700-950*'C using rapid thennal annealing 
in an ultra high vacuum environment such that degradation of the interface 16 established 
between top layer 15 and oxide layer 31 is completely excluded. Finally, ohmic source and drain 
contacts 19 and 20 are deposited on ttie self-aligned source and drain areas 21 and 22, 
respectively. The devices may then be interconnected usmg the standard methods to those skilled 
in the art of integrated microelectronics and integrated circuit manufacture. 

FIG. 2 is a sunplified flow chart illustrating a method of manufecturing a self-aligned 
enhancement mode compound semiconductor MOSFET in accordance with a preferred 
embodiment of the present invention. In step 100, tiie process starts with a nitride based m-V 
substrate or with silicon, sapphire or SOI used as the substgrate. In step 102, a compound 
semiconductor wafer structure is produced using standard epitaxial growth methods in the art. in 
step 104, a layer consisting of gallium oxygen compounds including but not limited to Ga203, 
and Ga20 is deposited on upp^ surface of said compound semiconductor wafer structure. In step 
104, an insulating layer of gallium oxygen and one or more rare earth elements is deposited on 
the upper surface of the ioitial gallium oxygen compound layer. The gallium oxide gate insulator 
structure is formed in steps 104 and 105, In step 106, a stable refractory gate metal is positioned 
on upper surface of said gate insulator structure. In step 108, source and drain ion implants are 
provided self-aligned to flie gate electrode. In step 110, source and drain ohmic contacts are 
positioned on ion implanted source and drain areas. 

St^ 102 includes the preparation and epitaxial growth of an atomically ordered and 
chemically clean upper surface of the compound semiconductor wafer structure. Step 103 
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preferably comprises thennal evaporation &om a piirified and crystalline gadolinium gallium 
garnet or GaaOa source on an atomically ordered and chemically clean upper sur&ce of the 
compound semiconductor wafer stracture. Step 105 comprises the formation of a 
gallium+oxygen+rare earth elemental insulating layer formed through the simultaneous vacuum 
evaporation of gallium oxygen species, and at least one rare earth element or oxide such as 
gadolinium, liafriium with the simultaneous oxidation using the effluent of an oxygen gas 
deliv^ed as excited molecules, atomic oxygen, or unexcited molecules directed in simultaneous 
combination with other theraial evaporation sources toward substrate 100. The initial gallium 
oxygen compound layer of the gate insulator structure preferably functions as an etch stop layer 
such fliat the upper surface of the compound s^conductor wafer structure remains protected by 
the gate oxide during and after gate metal etching. The refractory gate metal desirably does not 
react with or difiuse into the gate oxide layer during high temperature annealing of the self- 
aligned source and drain ion implants. The quality of the inter&ce formed by the gate oxide layer 
and the upper surface of the compound semiconductor structure is desirably preserved during 
high temperature aimealing of the self-aligned source and drain ion implants. The self-aligned 
source and drain implants are desirably aimealed at approximately 700-1350^C in an ultra high 
vacuum environment or in a balanced environment of nitrogen, argon, oxygen and/or hydrogen. 
The self-aligned source and dram implants are desirably realized by positioning dielectric 
spacers on the sidewalls of the refractory gate metal. 

FIG. 3 is a simplified flow chart illustrating a method of manu&cturing a self-aligned 
enhancement mode compound semiconductor MOSFBT in accordance with another preferred 
embodiment of the present invention. In step 202, a compound semiconductor wafer structure is 
produced using standard epitaxial growth methods in the art. In step 203, a layer consisting of 
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indium oxygen compounds including but not limited to, ImCh and In20 is deposited on upper 
surfece of said compound semiconductor wafer structure. In step 204, an insulating layer of 
indium and oxygen and is deposited on the upper surface of the initial nitride compound 
semiconductor layer. The insulating oxide layer that is comprised of oxygen and at least one rare 
earth gate insulator structure is formed in steps 204 and 205. In step 206, a stable refractory gate 
metal with the proper work function is positioned on upper surface of said gate msulator 
structure. In step 208, source and drain ion implants are provided self-aligned to the gate 
electrode. In step 210, source and drain ohmic contacts are positioned on ion implanted source 
and drain areas. 

In a preferred embodiment, step 200 provides a substrate such as siUcon, sapphire, SOI, 
AIN, or GaN or various GaN substrates including: GaN-on-Sapphire, GaN-AlN-on-Sapphire, 
GaN-AlN-on-SiC, GaN-AIN-C-Silicon, and GaN-on-GaN. Step 202 mcludes the preparation and 
epitaxial growth of an atomically ordered and chemically clean iq)per surface of the compound 
semiconductor wafer structure. Step 204 preferably comprises thermal evaporation from a 
purified and crystalline gadolinium indium garnet or IniOs source ttiat is amorphous, crystalline, 
or polycrystalline toward an atomically ordered and chemically clean upper surfece of the nitride 
semiconductor wafCT structure. Step 204 comprises the formation of a indium+oxyg^ elemental 
layer formed typically through vacuum evaporation of indium oxygen species. Step 205 include 
the formation of an addition oxide layer that does not include indium but may include one or 
more rare earth elements. The initial indium gallium oxygen compound layer of the gate 
insulator structure preferably functions as an etch stop layer such that flie upper surface of the 
compound semiconductor wafer structure remains protected by the gate oxide during and after 
gate metal etching. The refractory gate metal desirably does not react with or diffuse into the 
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second or upper oxide layer during high temperature annealing of the self-aligned source and 
drain ion implants. The quality of the interface foimed by the gate oxide layer and tiie upper 
sur&ce of the compound semiconductor strocture is desirably preserved during high temp^ture 
annealing of the ohmic contact metal or ohmic contact regrowth or annealing of self-aligned 
source and drain ion implants. The self-aligned source and drain inq)lants are desirably annealed 
at approximately 700-9S0^C in an ultra high vacuum environment. The self-aligned source and 
drain implants are desurably realized by positioning dielectric spacers on the sidewalls of the 
refractory gate metal. 

FIG 4 provide a table that contains a layer structure for the nitride semiconductpr 
structure and the epitaxial gate oxide stmcture as a whole without breaking out individual layers 
in the gate-oxide portion of the layer structure. This structure has an IhGaN channel and a 
AlGaN layer to provide charge piezoelectrically to the device structure. 

FIG 5 shows the DC transfer curves of a working NMOS IhGraN channel MOSFET. The 
device is shown to be operating in depletion mode as indicated by the mostly negative gate bias. 
The thick black line illustrates the level of current compression or gain con^ression that is 
expected at microwave frequencies when flie epitaxial gate oxide that is the subject of this 
invention and no other passivation technique is utilized on a GaN HFET transistor device. 

FIG 6 shows the pulsed IV of the device structure shown in figure 4. The black bracket 
illustrates the approximate difference between the upper solid line (DC IV) and the first dashed 
line (Pulse IV) of the same transfer curve. The pulsed IV data shows the level of measured 
current compression that may be observed ^erimentally in the nitride MOSFET device that is 
the subject of this invention. 
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• FIG 7 shows a table that contains a layer structure that includes an AIN substrate. In this 
structure only the AlGaN channel and the epitaxial gate oxide are materials that are not lattice 
matched to the native AIN substrate. In this device stmcture the AlGaN channel material is only 
one possible channel material. In particular, GaN and InGaN channel materials could also be 
easily utilized in this device structure. The doping in the structure may also be adjusted in the n- 
type and p-type sense on a layer by layer basis as is necessary to obtain optimized device 
operation. 

It will now be understood that what has been disclosed herem includes new compound 
semiconductor devices and methods of fabrication. Those having skill in the art to which the 
present invention relates will now as a result of the teaching herein perceive various 
modifications. Accordingly, all such modifications are deemed to be within the scope of the 
invention that is to be linaited only by the claims. 

Thus, new and iniproved compound semiconductor devices and methods of fabrication 
are disclosed. The new and improved self-aligned enhancement mode metal-oxide-compound 
semiconductor heterostructure field effect transistors enable stable and reliable device operation, 
provide optimum compound semiconductor device performance for high power/high 
performance complementary circuits and architectures, keep interconnection delay in VLSI and 
ULSI under control, and provide optimum efficiency and output power for RF and microwave 
applications as well as for digital integrated circuits that require very high integration densities. 

These improvements essentially solve or overcome the problems of the prior art, such as 
high gate leakage in compound semiconductor HFBT devices, low integration densities, dc 
electrical instability, microwave dispersion, and electrical hysteresis, and therefore provide a 
highly useful mvention. While we have shown and described specific embodiments of the 
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present inveation, fiirttier modifications and improvements will occur to those skilled in the art. 
We desire it to be understood, therefore, that this invention is not limited to the particular forms 
shown and we intend in tiie appended claims to cover all modifications that do not depart &om 
the spirit and scope of this invention 
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1 . What is claimed: A metal-oxide-compound semiconductor field e£fect transistor 
comprising: 

a nitride compound semiconductor wafer structure having an upper surface; 
a gate insulator structure comprising a first and second layer; 
said first layer substantially comprising compounds of gallium and oxygen 
said second layer comprising compounds of gallium and oxygen and at least one 

rare earth element; 

a gate electrode positioned on said gate insulator structure, 

source and drain regions self-aligned to said gate electrode; and 

source and drain ohmic contacts positioned on said source and drain areas; 

wherem gate electrode conq>ris6S a metal selected from the group refractory gate 

metals and combinations thereof; 

wherein the complete nitride MOS structure is built upon a a sapphire, silicon, 

SOI, AIN, or GaN substrate. 

2. The transistor of claim 1 wherein said first layer forms an atomically abrupt interface 
with said upper surface, 

3. The transistor of claim 1 wherein said gate insulator structure is composed of at least 
three layers, including a graded layer that contains varying compositions of indium 
oxygen, gallium oxygen and at least one rare-earth element. 

4. The transistor of claim 3 wherein said gate insulator structure fiuther comprises a third 
layer containing oxygen and a rare earth elraients that do not include indium or gallium. 

5. The transistor of claim 1 wherein said field effect transistor is an enhancement mode 
transistor. 

6. The transistor of claim 1 wherein said field effect transistor is a depletion mode 
transistor. 

7. The transistor of claim 1 wherein said first layer has a thickness of more than 3 angstroms 
and less than 25 angstroms. 

8. The transistor of claim 1 wherein said gate insulator structure has a thickness of 10-300 
angstroms. 
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9. The transistor of claim 1 wherein said first layer forms an int^fece with said upper 
surface that extends less than two atomic layers in depth of structural interface 
modulation. 

10. The transistor of claim 1 wherein said first layer and said gate insulator structure protects 
said upper surface. 

11. The transistor of claim 1 wherein said gate electrode comprises a refiractory metal which 
is stable in the presence of the top layer of the gate insulator structure at above 700^C. 

12. The transistor of claim 1 wherein said source and drain regions are regrown using a 
doped nitride based seimconductor to provide for one of an n-type and/or one p«type 
region. 

13. The transistor of claim 1 wherein said source and drain regions provide one of an n- 
channel or p-channel. 

14. The transistor of claim 1 wherein source and drain implants comprise at least one of Be, 
Si,Te,Sn,C,andMg, 

15. The transistor of claim 1 wherein said upper surface comprises GaiN. 

16. The transistor of claim 1 wherein said upper surface comprises IhxGai.xN. 

17. The transistor of claim 1 wherein said upper sur&ce comprises AlxGai.xN. 

18. The transistor of claim 1 wherein said upper surface comprises AIN. 

19. A metal-oxide-compound semiconductor field effect transistor comprising: 

a compound semiconductor wafer structure having an upper surface; 

a gate insulator structure on said upper surface, said gate insulator structure 
comprising a first layer, a second layer, and a tiurd layen 

said first layer substantially comprising compounds of indium and oxygen 

said second layer comprising compounds of indium gallium and oxygen and at 
least one rare earth element; 

said third layer above said second layer, said third layer substantially comprising 
gallium oxygen and at least one rare earth element, said third layer being insulating; 

a gate electrode positioned on said gate insulator stmcture; 

soxu'ce and drain regions self-aligned to said gate electrode; and 

source and drain ohmic contacts positioned on source and drain areas; 
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wherein gate electrode comprises a metal selected from the group of refractory 
metals and combinations thereof. 

20. The transistor of claun 22 wherein said first layer forms an atomically abrupt interface 
with said upper surface. 

21. The transistor of claim 22 wherein said gate insulator structure is composed of at least 
three layers, including a graded layer that contains varying compositions of indium, 
ga iiiiim^ oxygen and at least one rare-earth element. 

22. The transistor of claim 22 wherein said gate insulator structure further comprises a third 
layer containing indium, gallium, and oxygen. 

23. The transistor of claim 22 wherein said field effect transistor is an rahancement mode 
transistor, 

24. The transistor of claim 22 wherein said field effect transistor is a depletion mode 
transistor, 

25. The transistor of claim 22 wherein said first layer has a thickness of more than 3 
angstroms and less than 25 angstroms. 

26. The transistor of claim 22 v^erein said gate insulator structure has a thickness of 10-300 
angstroms. 

27. The transistor of claim 22 wherein said first layer forms an interface with said iq)per 
sur&ce tibat extends less than four atomic layers in depth of structural interface 
modulation. 

28. The transistor of claim 22 wherein said first layer and said gate insulator structure 
protects said upper surface. 

29. The transistor of claim 22 wherein said gate electrode comprises a refiractory metal which 
is stable m the presence of the top layer of the gate insulator structure above 700**C. 

30. The transistor of claim 22 wherein said source and drain regions are regrown using a 
epitaxial dq)osition technique to provide for n-type and p-type regions. 

3 1 . The dransistor of claim 22 wherein said source and drain regions are ion implanted to 
provide for one of an n-type or p-type region. 

32. The transistor of claim 22 wherein said source and drain regions provide one of an n- 
chamiel orp-chaxmel. 
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33. The transistor of claim 22 wherein said source and drain implants comprise at least one of 
Be, Si, Te, Sn, C, and Mg. 

34. The transistor of claim 22 wherein said upper surface comprises GaN. 

35. The transistor of claim 22 wherein said upper surface comprises InxGai-xN. 

36. The transistor of claim 22 wherein said upper surface comprises AlxGai.xN. 

37. A metal-oxide-compound semiconductor field effect transistor comprising: 

a compound semiconductor wafer structure having an upper surface; 

a multilayer gate insulator structure on said upper surface, said multilayer gate 
insulator structure substantially comprising altemating layers each of which comprise 
indium, gflllnim^ oxyen, and at least one rare earth element. 

a gate electrode positioned on said gate insulator structure; 

source and drain regions self-aligned to said gate electrode; and 

source and drain ohmic contacts positioned on ion implanted source and drain 

areas; 

wherein gate electrode conq)rises a metal selected firom the group of refractory metals 
and combinations thereof. 

38. A complementary metal-oxide contipound semiconductor integrated circuit comprising an 
enhanc^ent mode metal-oxide-compound semiconductor field effect transistor, said 
transistor comprising; 

a compound semiconductor wafi^ structure having an \xpper sur&ce; 
a gate insulator structure positioned on said upper surface; 
a gate electrode positioned on said upper surface; 

source and drain self-aligned to the gate electrode; and source and drain ohmic 
contacts positioned on source and drain areas, wherein the compoimd 
semiconductor wafer structure comprises a wider band gap spacer layer and a 
narrower band gap channel layer, 

wherein the narrower band gap chaimel layer comprises IhyGai-yN; and wherein 
said transistor is integrated together with similar or complementary transistor 
devices to form complementary metal-oxide compound semiconductor mtegrated 
circuit 
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39. A metal-oxide-compound semiconductor field eflfect transistor comprising: 

a compound semiconductor wafer structure having an upper surface; 

a gate insxilator structure comprising a first and second layer; said gate insulator 
on said upper surface; 

said first layer substantially comprising compounds of gallium and oxygen 

said second layer comprising compounds of oxygen and at least one rare earth 
element; 

a gate electrode positioned on said gate insulator structure. 

40. A structure of claim 39 wherein said gate electrode comprises a refiractory metal. 

41 . A structure of claim 41 wherein said gate electrode comprises a m^ber of the group Pt, 
Ir, W, WN, Mo, Ru, TiWN, WSi, and combinations thereof. 

42. A structure of claim 39 wherein said gate insulator structure fiirther comprises a third 
layer. 

43. A stmcture of claim 39 wherein compounds of said third layer comprising gallium and 
oxygen further comprise a rare earth elmient. 

44. A structure of claim 39 wherein a composition of said third layer varies monotonically 
with depth in said third layer. 

45. The structure of claim 39 wherein said gate insulator structure further comprises a fourth 
layer. 

46. The structure of claim 39 wherein compounds of said fourth layer comprising gallium 
and oxygen. 

47. A structure of claim 39 whmin compounds of said fourth layer comprising gallium and 
oxygen and further comprising a rare earth element 

48. A structure of claim 39 wherein compounds of said fourth layer comprising gallium 
oxygen and one rare earth and further comprising indium. 

49. The stmcture of claim 39 wherein said first layer is adjacent and in contact with said 
upper surface. 

50. The stmcture of claim 39 wherein said source and drain contacts are ion implanted. 

51. The stmcture of claim 39 wherein said source and drain contacts are annealed in an ultra 
high vacuum environment. 
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52. The structure of claim 39 wh^ein said gate insulator structure passivates said upper 
sur&ce. 

53. A method for forming a metal-oxide**compound semiconductor field ejSect transistor, 
comprising: 

providing a compound semiconductor wafer stmcture having an upper surface; 
depositing a gate insulator structure comprising depositing a first layer and depositing 
a second layer, said gate insulator on said upper surface; 

said first layer substantially comprising compounds of indium, gallium, and oxygen; 
said second layer comprising at least one compound of gallium, oxygen and at least 
one rare earth element; and depositing a gate electrode positioned on said gate 
insulator structure. 

54. The method of claim S3 comprising rapid thermal annealing said structure in a UHV 
environment. 

55. The method of claim S3 wherein said rapid thermal annealing comprising annealing 
between 700 and 13S0 degrees Centigrade. 

56. The transistor of claim 33 wh^in said first layer forms an atomically Bbiupt interface 
with said upper surface. 

57. The transistor of claim 53 wha:ein said gate insulator structure is composed of at least 
three layers, including a graded layer that contains vazying compositions of indium, 
gallium, oxygen and at least one rare-earth element. 

58. The transistor of claim 53 wh^in said field effect transistor is an enhancement mode 
transistor. 

59. The transistor of claim S3 wherein said field effect transistor is a depletion mode 
transistor. 

60. The transistor of claim S3 wherein said first layer has a thickness of more than 3 
angstroms and less than 25 angstroms. 

61. The transistor of claim 53 wherein said gate insulator structure has a thickness of 10-300 
angstroms. 
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62. The transistor of claim 53 wherein said first layer forms an interfece with said upper 
surface that extends less than four atomic layers m depth of structural interface 
modulation. 

63. The transistor of claim 53 wherem said first layer and said gate insulator structu^re 
protects said upper surface. 

64. The transistor of claim 53 wherein said gate electrode comprises a refractory metal whieh- 
is stable in the presence of the top layer of the gate insulator structure above 700°C. 

65. The transistor of claim 53 wherein said source and drain regions are regrown to provide 
for transistor ohmic contacts separated into n-type or p-type regions. 

66. The transistor of claim 53 wherein said source and drain regions provide one of an n- 
chaimel or p-chaimel. 

67. The transistor of claim 53 wherein said source and drain implants comprise at least one of 
Be, Si, Te, Sn, C, and Mg. 

68. The transistor of claim 63 wherein said upper surface comprises GaN. 

69. The transistor of claim 63 wherein said upper surface comprises InxGai.xN. 

70. The transistor of claim 63 wherein said upper surface comprises AlxGai.xN. 

***** 
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